[1] A detailed laboratory experiment reveals the coupling between flow and suspended sediment properties (velocity, turbulence, concentration, and granulometry) in a lowdensity, depositional turbidity current. A model is proposed that explains spatial variation in the coupling through size segregation and mixing controlled by the interplay between upward directed turbulence and gravitational settling of suspended particles. The head of the flow is strongly turbulent, relatively well mixed, dilute, and coarse grained because upward directed turbulence, related to frontal shear and mixing with ambient water, generally outbalances particle settling. The body is grain size and density stratified, with strong turbulence confined to upper and lower flow boundaries. Here settling is generally more important than turbulence. Contrasting dynamics of different particle sizes modify the general patterns recognized in the head and body. Thus preferential settling of the coarsest particles produces normal grading in the lower head. In the lower body, highly turbulent, relatively low downstream velocity fluid packages, interpreted as upward moving, basal shear-induced ejections, alternate with less turbulent, higher downstream velocity fluid packages. Relatively coarse grains react to these flow changes by alternate vertical mixing and preferential accumulation near the flow's base, whereas the distribution of finer grains remains unaffected. Kelvin-Helmholtz waves generated by upper boundary shear penetrate the upper body. The zone of maximum flow velocity is typically weakly turbulent and appears to form a barrier to turbulence-induced particle exchange between the lower and upper flow regions. The coupling model entails periodic changes in grain size measures near the flow's base, which may explain the formation of lamination and banding in natural turbidites.
Introduction
[2] Turbidity currents are gravity currents for which the main driving mechanism is the density contrast between sediment-laden fluid and ambient fluid. In low-density turbidity currents, upward directed turbulence (i.e., turbulent suspension) competes with gravitational settling in keeping sediment particles in suspension [e.g., Middleton and Hampton, 1973; Middleton, 1993; Kneller and Buckee, 2000; Mulder and Alexander, 2001; Dasgupta, 2003] . The spatial distribution of turbulent kinetic energy in a turbidity current is highly nonuniform. The highest turbulence intensity has been found at the upper and lower boundaries as well as at the flow front and the lowest turbulence intensity coincides with the level of maximum downstream velocity (see Buckee et al. [2001] for solute-driven currents). It should be possible to compare this turbulence stratification with the spatial distribution of suspended sediment, since previous studies have documented gradients in concentration and grain size along vertical profiles [e.g., Best et al., 2001; Garcia, 1994] and along horizontal and vertical profiles . Such knowledge is essential for improving our understanding of the spatial distribution of sediment particles with different settling velocity, and temporal changes in sediment distribution during flow evolution. With this kind of information, ultimately it should be possible to formulate predictive models for the deposition of sediment from turbidity currents and hence the structural and textural properties of turbidite deposits. Moreover, the information is expected to aid the explanation of the formation of lamination and banding associated with repetitive, some-times subtle, changes in sediment texture in many progressively aggraded turbidite deposits [e.g., Hesse and Chough, 1980; Stow and Bowen, 1980; Lowe and Guy, 2000] .
[3] Flow turbulence is expressed at different scales. At the largest scale it is expressed by periodic, wave-shaped, coherent flow structures (Kelvin-Helmholtz instabilities; see review by Simpson [1997] ) induced by shear with ambient fluid at the upper boundary of turbidity currents. Because of its prominence, this boundary has been described extensively [e.g., Simpson, 1969; Britter and Simpson, 1978; Hacker et al., 1996; Lee and Yu, 1997; Kneller and Buckee, 2000] , although the effect of the shear waves on local sediment properties remains to be quantified. Also practically unknown are the processes that govern the interaction of sediment particles with the turbulent fluid near the base and around the level of maximum downstream velocity within turbidity currents. The work detailed here identifies, for the first time, coherent flow structures in an experimental low-density turbidity current using flow velocity data collected at $4.3 Hz. It also quantifies sediment properties within and between these structures using suspended sediment concentration and grain size distribution measurements collected at $0.8 Hz.
[4] The results of the laboratory experiment presented in this paper confirm the general temporal and spatial trends in flow and suspended sediment properties observed in previous studies [e.g., Best et al., 2001; McCaffrey et al., 2003] . The new data, collected on the scale of several seconds, show that there is no simple correlation between flow velocity, turbulence intensity, suspended sediment concentration and grain size properties (e.g., median size, sorting and skewness). The coupling between turbulence intensity and grain size distribution is complex, because it varies in time and with height above the base of the turbidity current. A model is proposed which explains this variation through alternate size segregation and size mixing processes as a function of the relative importance of turbulence and gravitational settling in different parts of the flow.
Methodology
[5] The turbidity current examined here was part of an experimental series of eight nominally identical turbidity currents, described by McCaffrey et al. [2003] and conducted using a straight, horizontal flume, 10 m long and 0.3 m wide. The channel was filled with tap water to a depth of 0.3 m (Figure 1 ). The flume was equipped with an overhead reservoir, filled with a uniform mixture of tap water and poorly sorted silica flour (median grain size of $8 mm; Figure 2 ). Silica flour is synthetic sediment, composed of pure SiO 2 . Its specific gravity is 2.65. Individual particles are angular and cohesive forces between particles are negligible. The total volume of the mixture was 30 L, and its initial concentration was 5% per volume (density of 1082.5 kg m
À3
). The suspension was released by removing a sealing stopper from a 63 mm diameter pipe that connected the reservoir with the flume floor. Upon release, the hydraulic head was 0.30 m. The reservoir drained in about 20 s. An instrument frame carrying siphons for suspension sampling and 4 MHz ultrasonic Doppler Figure 1 . Side view of experimental setup. A rectangular tank, outlined by the thick line, is filled with tap water to a depth of 0.3 m. A 5% silica flour suspension drains from an overhead reservoir onto the base of the tank (hydraulic head of 0.3 m), where a turbulent sediment gravity flow (turbidity current) develops. The dynamic structure of the flow is measured 3.96 m downstream of the outlet using ultrasonic Doppler velocity profiling (UDVP). At the same location the flow is sampled using siphoning tubes for subsequent grain size and concentration measurement. Figure 2 . Silica flour grain size distribution in the overhead reservoir, showing frequency on vertical axis and particle size in phi units on horizontal axis. Median grain diameter is $8 mm, sorting coefficient is 2.012, and skewness is 0.529. The phi scale is related to median grain size as follows: f = À(log 2 D 50 ), where D 50 is given in millimeters.
velocity probes (UDVP) (see Takeda [1991] and Best et al. [2001] for technical details) for recording streamwise flow velocity ( Figure 1 ) was positioned in the flume at different locations for each flow.
[6] In this paper, we focus upon the experiment referred to as ''Flow 8'' by McCaffrey et al. [2003] . In this experiment, which was described by McCaffrey et al. [2003] in general terms only, the siphon sampling rate was increased from 0.25 to 0.8 Hz. This allowed a more accurate comparison between temporal changes in flow and sediment parameters. The instrumentation frame was positioned at location x = 3.96 m from the inlet. This distance was large enough to ascertain that the inbound flow had undergone the transition from wall jet to turbidity current, and had developed a characteristic turbidity current profile (Figure 3) , independent of flow conditions near the inlet [see McCaffrey et al., 2003, Figure 4] . Siphon samples were collected continuously for 22 s at a frequency of 0.8 Hz and at heights z = 6, 16, 26, 36 and 46 mm above the flume floor. The samples were processed using a Malvern Mastersizer Plus laser diffraction grain sizer (measurement range: 0.05 to 550 mm) to yield volumetric concentration and grain size distribution data. Median grain size, sorting coefficient (second moment of the grain size distribution) and, for selected samples, skewness (third moment) were calculated from the grain size populations [Folk, 1974] . The sorting coefficient is a measure of the variance of the grain size distribution. Sediments with low and high sorting coefficients denote well sorted and poorly sorted sediments, respectively. The skewness is a measure of the degree of asymmetry in the grain size distribution. It is zero for distributions symmetrical around the mean size, positive for distributions with an excess of relatively coarse grains, and negative for distributions with an excess of relatively fine grains. Sampling transition times between the inflow and outflow ends of the siphoning tubes were balanced as accurately as possible. Nevertheless, due to small uncertainties regarding flow rates through the tubes, the time stamps for grain size and concentration data are considered accurate to about ±0.5 s. Except for an additional UDVP probe at z = 76 mm above the flume floor, velocity data were recorded at the same heights as the siphon samples, but at the higher frequency of 4.3 Hz. The UDVP probes measure velocities simultaneously along a measurement interval upstream, and along the long axis of the probes. The measurement interval consists of 128 equally spaced bins. However, for the analysis of the velocity time series presented here, only data measured at 55 mm upstream of the probe heads were used. This guarantees that the velocity data were not adversely affected by the physical presence of the probes. The velocity time series extend for up to t = 50 s after the turbidity current head passed the measurement location. This was well before internal waves reflected from an overflow weir at the far end of the flume arrived back at that location. A digital video camera recorded the passage of the turbidity current through a 55 cm wide measurement window immediately upstream of the UDVP probe heads.
[7] Root-mean-square (RMS) values of streamwise velocity [Kneller et al., 1997; Buckee et al., 2001] were used to approximate the streamwise component of turbulence intensity. Time series of RMS velocity were calculated by moving a 1.87 s long time window (equivalent to eight velocity recordings, hereafter denoted by ''n'' values) along the velocity time series at each measurement height. This window length was chosen because power spectral graphs, produced from time series for a range of window lengths using the Welch [1967] method (e.g., Figure 4 for RMS time series at z = 6 mm), show that time windows longer than 1.87 s cause harmonics of progressively smaller frequency gradually to lose power and eventually become indistinguishable from white noise. In Figure 4 , for example, the harmonics at 0.4 Hz and 0.25 Hz at n = 8 disappear at n = 12 and n = 18, respectively. It would have been justifiable to choose time windows shorter than 1.87 s, because the peaks in the periodograms occur at similar frequencies (Figure 4 ). Yet the RMS velocity time series for n = 8 is smoother than for n = 4 and n = 6. That time series is therefore better suited for identifying coupled behavior between flow and sediment parameters in the turbidity current examined. The velocity profile in each 1.87 s time window was high-pass filtered using standard linear regression analysis prior to calculating the RMS values. This was done to remove the undesirable effect of long-term flow deceleration on calculated RMS velocity. It was found that the RMS velocity of standing water does not exceed 2.3 mm s
À1
. This constitutes the instrumental noise of the UDVP probes. Therefore parts of the turbidity current with RMS values below 2.3 mm s À1 are considered to be nonturbulent.
Experimental Results and Interpretations
[8] The experimental data are presented as time series for the evolving vertical structure of streamwise velocity (Figure 5a Table 1 shows correlation coefficients between streamwise velocity and RMS velocity, and between streamwise velocity and median grain size for different flow heights. It should be emphasized that the correlation coefficients are approximate, because of the above mentioned uncertainties in the time stamps for siphoning data and the differences in resolution of the UDVP and siphoning data.
[9] The turbidity current is subdivided into three zones, i.e., the head, body and tail, which are based on the velocity, grain size and concentration time series presented below and those of previous experiments using nominally identical flows (see McCaffrey et al. [2003] for details). The head covers a period of $3.5 s behind the flow front. The transition between the head and the body at t = $3.5 s is defined by a sharp decrease in the flow velocity, particularly in the upper part of the flow (Figure 5a ). The transition between the body and the tail at t = $20 s is apparent from a decrease in the concentration, which coincides with the time needed to empty the reservoir (Figure 5e ). The siphons sampled only a small part of the tail of the turbidity current. Our analysis will therefore focus primarily on the dynamic structure within the flow's head and body. Along vertical profiles, the flow is further subdivided into three segments, each with characteristic combination of flow and sediment dynamics. The segments are located below the velocity maximum (referred to as ''lower flow segment''), around the velocity maximum (i.e., ''velocity maximum segment''), and above it (i.e., ''upper flow segment''). The transitions between these segments are gradational, hence strict classification is somewhat arbitrary. Here the data collected at z = 6 mm and 16 mm are considered to represent the lower flow segment, those at z = 26 mm characterize the velocity maximum segment, and z = 36, 46, and 76 mm constitute the upper flow segment.
[10] The experimental turbidity current showed rapidly waxing flow upon arrival of the flow front at the measurement location. This was followed by a prolonged period of waning flow during passage of the head, body and tail. The head velocity, obtained from the video recording, was 123 mm s
À1
. The flow Reynolds number, Re = U h h/n, based on head velocity U h , kinematic viscosity n and average flow thickness h = 0.10 m, was about 1.3 Â 10 4 , indicating that the turbidity current was fully turbulent (following Massey [1989] ). The densiometric Froude number, Fr = U h (g h r s /r) À0.5 , where g is the constant of gravity, r s is the mean density of the flow's head and r is the density of ambient water, was 0.9. This value indicates that the turbidity current was subcritical.
Flow and Sediment Properties in the Head
[11] Streamwise velocity within the head of the turbidity current is consistently high (Figure 5a ), and up to 1.4 times higher than the head velocity. Along vertical profiles, maximum velocity was found well above the base of the flow at z = 26 mm (Figure 6a ). The head is also a region of high RMS velocity, particularly at z = 46 mm (Figure 6b ), and suspended sediment is relatively coarse grained ( Figure 5c ) and poorly sorted (Figure 5d ). shows relatively weak normal grading in the lower 36 mm. Between z = 36 mm and z = 46 mm, a small increase in median grain size was recorded. Suspended sediment concentration decreases from the base upward (Figure 5e ), but the vertical gradient is considerably smaller than in the body ( Figure 6d ).
Interaction Between Flow and Sediment in the Head
[12] The presence of high streamwise flow velocities and high RMS velocities in the entire head of the experimental turbidity current confirms previous findings that turbidity current heads are highly turbulent due to shear and mixing with ambient water at the flow front [e.g., Allen, 1971; Britter and Simpson, 1978; Simpson and Britter, 1979; Alahyari and Longmire, 1996] . The turbulent fluid is able to support a broad mixture of coarse and fine particles. This explains the relatively large median grain size and the relatively high sorting coefficients of the sediment in the head. Mixing with ambient fluid at the flow front may keep the suspended sediment concentration relatively low [e.g., Ellison and Turner, 1959; Kneller and Buckee, 2000] .
[13] Particularly interesting are the small differences in flow and sediment parameters on the scale of individual flow segments within the head. In spite of the high streamwise velocity around the velocity maximum, the associated RMS velocity is less than in the lower and upper flow segments ( Figure 6b ). This observation suggests that boundary shear at the nose of the flow, which is at about the same height as the velocity maximum, is weaker than in the lower and upper flow segments. It follows that the velocity difference between flow and ambient water is relatively small near the nose and increases away from it, as the shear stress is proportional to the velocity difference at the boundary. This explanation is plausible because standing water in front of the nose has to be pushed out of the way, either to the upper part or to the lower part of the flow front, gaining momentum in the process, and thus generating more shear turbulence than at the nose. Further analysis of the relative importance of upward and downward displacement of ambient water requires knowledge of the vertical component of flow velocity and higher-resolution velocity data of displaced ambient water in front of the head. These topics are part of ongoing experimental work by the authors.
[14] The upward decrease in median grain size and suspended sediment concentration implies that turbulent mixing of sediment in the head of the turbidity current is nonuniform. In other words, upward directed turbulence is not capable of supporting the entire grain population within the head. We infer that the coarsest particles accumulate in the lower part of the head due to their relatively high fall velocity, whereas finer particles are more prone to uniform vertical mixing . The fact that the sediment has the highest sorting coefficient near the base of the head ( Figure 5d ) supports this interpretation. Further evidence is derived from the skewness of the grain size distribution, which shows that the excess of coarse particles is somewhat greater in the lower part of the head (mean skewness: 0.581) than in the flow segments above it (mean skewness of 0.572). After entering the lower flow segment, the coarse particles are unlikely to return back to the overlying segments, because the velocity maximum segment may form a barrier due to its relatively weak turbulent character. Median grain size increases upward from z = 36 mm to z = 46 mm, but the sediment remains finer than in the lower flow segment (Figure 6c ). This inverse grading matches the increase in turbulence intensity (Figure 6b ), further substantiating the inferred interplay between upward directed turbulence and gravitational settling. The coarse particles at this level in the head probably originate from the velocity maximum segment. Fluid transported from the body into the head within this segment was observed to be diverted upward, thus following the outline of the upper front of the flow. In turn, the upper part of the head is the source of relatively coarse sediment that is transported backward from the head by Kelvin-Helmholtz shear instabilities and subsequently settles downward into the body and tail of the flow [Choux and Druitt, 2002; McCaffrey et al., 2003] . In the time series of median grain size (Figure 5c ), this coarse sediment is seen to reenter the measured part of the flow field from t = $18 s onward (see Figure 5b of McCaffrey et al. [2003] , which shows the extended temporal evolution of flows similar to the flow described here).
Flow and Sediment Properties in the Body
[15] The body of the turbidity current is characterized by gradually decreasing streamwise velocity (Figure 5a ). The velocity maximum segment is more prominent than in the head (Figure 6a ). Maximum velocity occurs at z = 26 mm in the body and gradually moves downward to z = 16 mm in the tail (at t > 20 s). The two basal UDVP probes recorded distinct velocity fluctuations on the scale of several seconds. They are expressed as bright gray spots of relatively low velocity in Figure 5a (e.g., at t = 6 s and t = 13 s). The lowvelocity events appear to have high associated RMS velocities (Figure 5b ). In general, the velocity maximum segment has low RMS velocities. Intermediate turbulence intensities were found in the upper flow segment of the body, again expressed as spots in the time series (e.g., at z = 46 mm and t = 9.5 s and at z = 36 mm and t = 17 s; Figure 5b ). RMS velocities away from the flume floor in the flow's tail rarely exceed values typical for standing water (Figure 5b ).
[16] Median grain size and sorting coefficient are highest near the base of the flow's body (Figures 5c and 5d) . The Figure 7 . Time series of (from top to bottom) streamwise velocity, RMS velocity, median grain size, sorting coefficient, and sediment concentration at (a) z = 0.6 m and (b) z = 1.6 m above the base of the flume, hence below the level of maximum velocity. Note alternation of high and low RMS velocities at both flow heights. The shaded columns are correlation bands. The arrows denote periods of high turbulence intensity, interpreted as ejections.
suspended sediment is strongly normally graded along vertical profiles (e.g., Figure 6c ). Moreover, basal concentration progressively increases with time up to a maximum of $2.2% per volume at t = 19 s. Sediments with relatively low sorting coefficients mainly occur in the velocity maximum and upper flow segments (Figure 5d ). Yet, the pattern of vertical decrease in the sorting coefficient in the body is interrupted by several periods of high sorting coefficients at z = 46 mm (e.g., at t = 10 s, t = 14 s and t = 17 s). The increase in median grain size at z = 46 mm and t > 18 s is the first sign of a temporal change to a normal-to-inverse grading pattern. Such a pattern is characteristic of the tail of nominally identical turbidity currents for which longer grain size records are available [cf. McCaffrey et al., 2003] .
[17] The general two-dimensional structure of streamwise velocity, median grain size and suspended sediment concentration in the body of the turbidity current was discussed in detail for the nominally identical flows . Therefore a short summary is given here, before novel, more detailed data are presented in the succeeding sections. Apart from displaying a distinct velocity maximum at z = 26 mm, the body is well stratified in terms of median grain size and concentration, with highest values near the base of the flow (Figures 6c and 6e ). This is thought to be the result of differential gravitational settling. Further evidence for settling is provided by the temporal decrease in median grain size in the upper flow segment and the temporal increase in concentration near the base of the flow.
[18] Unique to the present study are the time series of RMS velocity and sorting coefficient. The generally high turbulence intensity in the lower part of the turbidity current is interpreted to be caused by friction with the fixed base of the flume, and, for later parts of the flow, with a layer of loose flow-derived sediment. The velocity maximum is far away from the flow boundaries, which explains the generally low degree of turbulence there. Boundary shear at the top of the turbidity current is thought to be responsible for the increase in turbulence intensity in the upper flow segment, in particular at z = 46 mm (Figure 5b ; see also Figure 10 ). Yet the degree of turbulence in the upper part of the flow never reaches the high values typical of the lower flow segment. This implies that in contrast to the head, bed shear is greater than shear along the upper surface of the flow's body, which is consistent with the subcritical nature of the flow [e.g., Garcia, 1993 Garcia, , 1994 .
[19] Generally speaking, the sorting coefficients of suspended sediment in the lower flow segment are higher than in the velocity maximum segment. By analogy with the head, this can be explained by preferential settling of relatively coarse grains into the lower part of body. More detailed variations in sorting and other grain size parameters, and their relationship with streamwise velocity and RMS velocity, are discussed below. [20] Line graphs of the temporal evolution of streamwise velocity and RMS velocity in the lower flow segment of the body (Figures 7a and 7b ) reveal that the above mentioned ''spots'' of low velocity are distinct negative spikes with Figure 8 . Time series of (from top to bottom) streamwise velocity, RMS velocity, median grain size, sorting coefficient, and sediment concentration at z = 2.6 m above the base of the flume, i.e., at the level of maximum velocity. The arrows denote periods of increased turbulence intensity, interpreted as remnants of ejections penetrating the velocity maximum segment from below.
high associated RMS velocities. Figure 10 depicts time series for the evolving vertical structure of RMS velocity collected from turbidity currents generated using the same experimental setup and with the same initial concentration, but measured closer to the inlet (x = 2.64 m; Figure 10a ) or at the same position, but with a higher initial sediment concentration (14% per volume; Figure 10b ). These data are discussed in detail elsewhere [Choux et al., 2005] . Here it is Figure 9 . Time series of (from top to bottom) streamwise velocity, RMS velocity, median grain size, sorting coefficient, and sediment concentration at (a) z = 3.6 m and (b) z = 4.6 m above the base of the flume, hence above the level of maximum velocity. The shaded columns in Figure 9a are correlation bands. The thick shaded column in Figure 9b denotes the period during which a large Kelvin-Helmholtz (K-H) wave passed the measurement location (see text for details). The likely limits of the wave in the RMS velocity time series at z = 36 mm are indicated by the arrow heads in Figure 9a . sufficient to note that both flows reveal turbulent flow patterns similar to those in Figure 5b , implying that the data presented here are reproducible and potentially of wider significance.
[21] In the lower flow segment, the relationship between flow properties and sediment properties is dependent on flow height. At z = 6 mm, median grain size is inversely proportional to RMS velocity (Figure 7a) , and the general trend in median grain size matches that of streamwise velocity (R 2 = 0.77: Table 1 ). In other words, periods of rapid mean streamwise flow and low turbulence intensity tend to be linked to the presence of relatively coarse suspended sediment, while the sediment is finer grained during intervening periods of mean low flow and high turbulence intensity. At the same height, fluctuations in suspended sediment concentration are small, and do not correlate with any of the other parameters (Figure 7a) .
[22] Interestingly, the relationship between median grain size and RMS velocity at z = 6 mm is reversed at z = 16 mm ( Figure 7b ; R 2 = 0.47), where median grain size and sorting coefficient covary (R 2 = 0.76). Hence, during periods of high turbulence intensity the flow carries relatively coarse, poorly sorted sediment, and finer sediment with a relatively narrow range of particle sizes is dominant in relatively quiet periods. Again, relationships between suspended sediment concentration and other parameters are tentative at best.
[23] The above observations imply that the general internal structure of the experimental turbidity current is punctuated by coherent fluctuations in flow and sediment parameters of the order of several seconds. The periodic troughs of streamwise velocity and the associated peaks of RMS velocity are interpreted as indicating the passage of intermittent coherent turbulent flow structures produced by shear at the flume floor. The fact that periods of high turbulence correlate with relatively slow mean downstream velocities within these structures classifies them as ejections (or bursts, following the terminology of Best [1993] ).
[24] Further exploration of the dynamics of the coherent flow structures, and their relationship with near-bed sediment movement, is possible. As noted above, each UDVP probe can obtain simultaneous velocity data along a profile of 128 points along the axis of the ultrasound beam. In the present experiment, the profile extended 106 mm from the probe head (including an offset of 11 mm to account for flow stagnation at the probe head; see Best et al. [2001] for details). These spatially oriented data can be used to track individual coherent flow structures and calculate their length and migration velocity parallel to the principal flow direction. Figure 11 shows how the ejection at t = $6 s migrates through the measurement window. The ejection shows up as a depression in the velocity trace. The depression is slightly asymmetrical, with deceleration on the upstream side being somewhat greater than the acceleration on the downstream side. The length of the ejection is $40 mm, and its migration velocity within the measurement window is similar to the velocity of mean flow (i.e., between $100 mm s À1 and $110 mm s
À1
). The RMS velocities associated with this particular ejection are more or less constant during passage through the measurement window. This suggests that the ejection has constant turbulence intensity. Other ejections, however, show a downstream increase in turbulence intensity (e.g., the ejection at t = 16 s in Figure 7a ) or they are generated within the measurement window (e.g., a new ejection appears at t = 12 s at a location $45 mm downstream of where the data in Figure 7a were recorded). It thus appears that the ejections are not only limited in length but also in presence near the base of the flow. Yet, they seem to be present longer than the time needed to travel across the 95 mm long measurement window. Figure 10 . Examples of two-dimensional time series of RMS velocity for turbidity currents generated using the same experimental setup but (a) measured at x = 2.64 m or (b) with an initial concentration of 14% per volume. Both currents had evolved from wall jet to turbidity current at the measurement location. All contour lines were produced using standard linear kriging. Note that the flow field is similar to that shown in Figure 5b .
[25] The coherent flow structures were found to contain finer-grained sediment, overall, than intervening periods of relatively high streamwise velocity and low turbulence, as evident from Figure 7a . Apart from being finer, the sediment within the ejections tends to have low sorting coefficients as well. We hypothesize that relatively strong upward directed turbulence during ejection events leads to better vertical mixing of the coarse-grained end of the grain size spectrum within the lower flow segment than during the intervening periods of weaker turbulence. Thus, during less turbulent periods, the coarse particles fall to the base of the lower flow segment and may even be removed from the flow by deposition onto the flume floor. This hypothesis is tested in three ways. First, grain size skewness values are compared for periods of high and low turbulence in order to verify if the trends in median grain size at z = 6 mm are indeed caused by preferred settling of coarse particles. Second, the coupling between turbulence and grain size distribution is compared between z = 6 mm and z = 16 mm, as changes in the sediment properties as a result of the interplay between upward directed turbulence and gravitational settling at z = 6 mm must be compensated by concomitant changes in grain size distribution at greater heights above the bed. Third, spatial and temporal flow velocity data are used to investigate if the direction in which the ejections move agrees with the inferred mechanism of alternate segregation and mixing of different particle size classes.
[26] Virtually all ejections at z = 6 mm contain sediment with lower positive skewness than intervening periods of low turbulence intensity. This supports the idea of increased size mixing during ejection events. However, the average difference in the amount of excess coarse particles is small, as shown in Figure 12 . The granulometric data show that only the coarsest 7% of the sediment suspended at z = 6 mm increases in relative frequency between high-and lowturbulence events. This percentage corresponds to particles in the coarse silt to very fine sand range, or, more specifically, particles with a median grain size between 32 mm and 65 mm. Such particles have terminal fall velocities ranging from $1 to $4 mm s À1 [Dietrich, 1982] , which in principle would enable them to fall over a significant distance between ejections in the lower flow segment. It thus appears that only the largest size fractions take part in the segregation process, and the vast majority of the suspended particles does not react to the periodic changes in turbulence intensity. This explains why suspended sediment concentration does not correlate with the short-term changes in turbulence intensity.
[27] The suspension load at z = 16 mm is finer grained, has lower sorting coefficients, and has a smaller excess of coarse particles than at z = 6 mm ( Figure 12 ). Moreover, flow-sediment coupling at the scale of individual coherent turbulent flow structures is reversed, since periods of strong turbulence at z = 16 mm are associated with the presence of relatively coarse particles and high sorting coefficients, and vice versa. In terms of skewness, the excess of coarse particles is greatest during high-turbulence events, which is also opposite to the relationship found at z = 6 mm. Further comparison shows that the mean difference in median grain size, sorting and skewness between z = 6 mm and z = 16 mm is 2 to 7 times greater during Figure 11 . Plots of streamwise velocity against horizontal distance, showing different stages of migration of a lowvelocity, high-turbulence event (shaded) through a measurement window upstream of the lowermost UDVP. Times refer to number of seconds after arrival of the flow front at the UDVP. The corresponding RMS velocity maximum is shown at t = $6 s in Figures 5a and 7a. low-turbulence events than during high-turbulence events ( Figure 12 ). These results comply well with the proposed coupling model. During periods of strong near-bed turbulence, the entire lower flow segment is relatively well mixed, because upward directed components of turbulent velocity are higher than the fall velocity of most particle sizes (Figure 12 ). Although mixing is not uniform, differences in grain size measures between z = 6 mm and z = 16 mm are small compared with periods of weaker turbulence. During the relatively quiet periods the fall velocities of coarse silt and very fine sand are inferred to exceed upward directed turbulent velocities. In between ejections therefore the coarse particles have the tendency to settle from z = 16 mm to z = 6 mm, while finer particles remain more uniformly distributed. The result is that the median size, sorting coefficient and skewness decrease at z = 16 mm and increase at z = 6 mm immediately after an ejection has passed the measurement location (Figure 12 ). This explains the opposite correlation between RMS velocity and particle size parameters at these flow heights. The height-averaged values of median grain size, sorting coefficient and skewness for high-and low-turbulence periods are remarkably similar. This inspires further confidence that the coupling model is a proper representation of the local processes acting in the lower flow segment.
[28] The coupling model presumes that the ejections move part of the sediment load upward away from the lower flow boundary. This assumption is supported by the presence of low-velocity fluid within the ejections, which is thought to originate from lower levels within the flow. Moreover, the spatial and temporal velocity data suggest that coherent flow structures are present not only at z = 6 mm but also at z = 16 mm, albeit at significantly lower RMS velocities (Figures 5a and 5b) . Some of these flow structures even persist into the otherwise weakly turbulent velocity maximum segment (e.g., at t = 9 -10 s and at t = 20-22 s in Figure 5b ). It is inferred that, on their way up, the ejections become progressively less turbulent (compare Figures 7a and 7b) , thus signifying their gradual upward dispersion.
Velocity Maximum Segment
[29] Apart from a broad correspondence between streamwise velocity and median grain size, there are no obvious links between flow and sediment properties at z = 26 mm (Figure 8) . Some upward directed ejections may have penetrated the velocity maximum segment from below. In general, however, coherent flow structures with periodicities of several seconds are absent. This is most probably due to a lack of shear-generated turbulence in that segment.
Upper Flow Segment
[30] In the upper segment of the flow's body, broad trends in flow and sediment parameters match each other reasonably well, but statistically significant relationships between these parameters on a finer scale are largely absent. A notable exception is the period from 10 s to 18 s at z = 46 mm, in which median grain size and sorting coefficient are inversely correlated (R 2 = 0.75). There is some tendency for streamwise velocity to covary with median grain size, but correlation coefficients in the upper flow segment are lower than in the lower flow segment (Table 1) .
[31] It thus seems that the coherent, periodic fluctuations in turbulence intensity in the upper flow segment (Figures 5b and 10 ) have less influence on local sediment distribution than the near-bed ejections. As before, this may be related to changes in the ratio between upward directed turbulence and particle fall velocity. RMS velocities in the upper flow segment are about 1.5 to 2 times smaller than in the lower flow segment. The largest grains changing in relative frequency between highs and lows in the time series of median grain size are 14 to 30 mm in diameter, with corresponding fall velocities of 0.17 to 0.8 mm s À1 [Dietrich, 1982] . These fall velocities are about 5 times less than for the lower flow segment. Hence the differences in particle fall velocity are much greater than the differences in turbulence intensity between the two segments. The fall velocity of the coarsest particles in the upper segment may therefore be too small to have a measurable effect on redistribution of sediment during the short-term changes in turbulence intensity. Particle settling and possible size segregation due to differences in fall velocity are evident only over longer timescales. The coherent flow structures in the upper flow segment may be related to Kelvin-Helmholtz vortices generated at the top of the turbidity current. As expected from the relatively poor correlation between flow and size parameters, the mean difference in median grain size, skewness, and to a lesser degree, sorting between the coherent flow structures and intervening periods of weaker turbulence is small (6.30 versus 6.20 mm for median grain size, 0.517 versus 0.513 for skewness and 1.957 versus 1.940 for sorting coefficient, respectively).
[32] The origin of the inverse correlation between median grain size and sorting coefficient at z = 46 mm and t > 10 s (Figure 9b ) is unclear. Detailed inspection of the grain size distribution records unveils a decrease in the relative frequency of occurrence of particle diameters <1 mm during periods of increasing grain size. Concurrently, the relative frequency of particle diameters roughly between 10 and 45 mm increases, while other diameters have more or less constant frequency. The finest grains are removed in larger quantities than the coarsest grains are added to the suspended sediment, hence the decrease in the sorting coefficient. The fluctuations in median grain size and sorting are not matched by short-term changes in concentration, streamwise velocity or turbulence intensity (Figure 9b) . Instead, video images of the turbidity current show that the period between t = $8 s and t = $16 s, during which the three peaks in sorting coefficient were measured, coincides with the passage of an unusually large KelvinHelmholtz wave at the measurement location ( Figure 13 ). The wave transports sediment-laden fluid into the ambient fluid up to a height of 250 mm above the base of the flume, as seen on the video recording. Moreover, rotational fluid motion within the wave is more gentle than in earlier upper surface instabilities. This may explain why the wave is not expressed in the time series of streamwise velocity. Yet, the time series of RMS velocity reveals the Kelvin-Helmholtz wave as a broad, relatively weak maximum in turbulence intensity (Figure 9b ). The turbulence intensity signal of the wave is asymmetrical, with a rapid increase followed by a gradual decrease to values close to the background noise level of the UDVP probe. The video images confirm that the wave arrives suddenly at the measurement location, and gradually disperses thereafter. The broad maximum in suspended sediment concentration centered at t = 11 s (Figure 9b ) may also be related to the passage of the Kelvin-Helmholtz wave. It thus appears that the KelvinHelmholtz wave influences the flow and sediment dynamics down to z = 46 mm (and perhaps even to z = 36 mm, considering the weak asymmetric RMS velocity maximum at this level; Figure 9a ). We speculate that the short-term fluctuations in grain size parameters at z = 46 mm and t > 10 s may be related to local three-dimensional fluid motions induced by the Kelvin-Helmholtz wave above it. Vertical components of flow velocity are required to shed light on the unique relationship between median grain size and sorting coefficient, and its association with shear waves, in this part of the turbidity current.
Spectral Analysis of Coherent Flow Structures
[33] Spectral analysis was done to determine periodic fluctuations in the experimental time series and to verify if dominant harmonics of flow and sediment parameters are interrelated. Figure 14 shows periodograms of streamwise velocity, RMS velocity and the 90th percentile of the grain size distribution of suspended sediment, D 90 , at the five different heights above the base of the turbidity current. The graphs were constructed using the Welch [1967] method. It was decided to calculate power spectra for D 90 instead of D 50 , as relatively coarse particles were found to be most susceptible to fluctuations in turbulence intensity, particularly in the lower flow segment. All diagrams are based on data collected from the head and body of the turbidity current (i.e., at t 20 s). Moreover, all time series were high-pass filtered using linear regression prior to calculating power spectra in order to minimize obscuration of harmonics at $0.15 Hz by the presence of a strong harmonic at 0.05 Hz, which represents long-term waning flow. Harmonics at $0.1 Hz are also assumed to represent long-term trends unrelated to coherent flow structures. Spectral data for D 90 are confined to frequencies smaller than 0.38 Hz, whereas spectral data for streamwise velocity and RMS velocity can be resolved for frequencies smaller than 2.13 Hz. This difference reflects the lower temporal resolution of the grain size data.
[34] The periodogram for streamwise velocity at z = 6 mm shows high magnitudes at frequencies of 0. 15-0.20, 0.30, 0.39, 0.59 , and 1.03 Hz (Figure 14) . The three peaks with highest frequencies correspond to similar harmonics at 0.15, 0.25, and 0.41 Hz in the periodogram for RMS velocity. The lower-frequency peaks are virtually absent from this plot, because the averaging procedure, used to calculate the RMS values, acts as a low-pass filter (Figure 4) . It can thus be concluded that streamwise velocity is more suitable for extracting spectral information than RMS velocity. A relatively weak harmonic was found at 0.34 Hz in the D 90 time series at z = 6 mm, which may well correspond to the peak at 0.30 Hz in the velocity time series. The magnitude of the D 90 harmonic is low, however, so its statistical significance is uncertain. Higher-resolution grain size data should allow further justification of the coupling between flow and sediment parameters at a frequency of 0.25-0.34 Hz (equivalent to periods of 3 -4 s), and possibly at higher frequencies as well. It appears that the 0.15 Hz frequency of fluctuating velocity contributes little to the size mixing and segregation processes at z = 6 mm. This is in contrast to the power spectra for RMS velocity and D 90 at z = 16 mm, which show highest magnitudes at 0.15 Hz and 0.14 Hz, respectively. Again, the power spectrum magnitudes of D 90 barely extend above white noise levels ( Figure 14) . In both plots, subordinate harmonics are present at $0.25 Hz.
[35] The periodogram of downstream velocity in the maximum velocity segment is dominated by a broad harmonic at 0.15 -0.20 Hz (Figure 14) . Corresponding harmonics are at 0.15 Hz for RMS and possibly at 0.14 Hz for D 90 . The additional peak at 0.24 Hz in the periodogram for D 90 may signal minor extension of oscillatory particle movement from the lower flow segment upward, as mentioned above.
[36] The coherent flow structures in the upper flow segment have a dominant frequency of $0.25 Hz, as indicated by most periodograms at z = 36 mm and z = 46 mm (Figure 14 ). An additional peak at 0.15 Hz, which is most pronounced for streamwise velocity at z = 46 mm, probably denotes the large Kelvin-Helmholtz wave described above. In general, the coupling between sediment and flow parameters in the upper flow segment is weak, but D 90 may covary with streamwise velocity at 0.24 -0.33 Hz.
Coupling Model
[37] The experimental results reveal that the internal structure of the silica flour -laden, low-density turbidity current is complex, because the distribution of sediment is highly sensitive to spatial and temporal variations in flow properties. This sensitivity is expressed by subtle variations in particle size distribution and concentration. Such variations are most prominent near the boundaries of the flow, where the turbulence intensity is high and variable due to the periodic generation of coherent flow structures. In previous work, the ratio between particle fall velocity and shear velocity, as denoted by the suspension criterion [Bagnold, 1962] , has been used extensively to determine the maximum particle size of suspended load that a turbidity current is able to transport [e.g., Komar, 1985; Hiscott, 1994] . Here it is suggested that the continuous interaction between downward directed gravitational settling and upward directed components of turbulent velocity acts as an effective mechanism for both segregating and mixing suspended particles of contrasting fall velocity. Thus, in the absence of grain-grain interactions (a condition met in lowdensity turbidity currents), particles react only to local turbulence. On timescales comprising the formation and subsequent dispersion of multiple coherent flow structures, particles can be divided into three groups: (1) particles whose terminal fall velocity is higher than the maximum upward directed turbulent velocity component, and which move continuously toward the base of the flow, where they settle onto the bed. (2) Particles with the lowest settling velocity, which remain suspended and well mixed in the flow, because either upward directed flow is strong enough to overcome downward movement by gravity even during relatively quiet periods or, if this is not the case, the distance traveled by the falling particles in the period between coherent flow structures is below resolution. (3) Particles whose fall velocity is between the upward directed velocity components of high-and low-turbulence events and which tend to be mixed into the flow as part of the coherent flow structures, but which fall over significant vertical distances during intervening quiet periods. These particles thus describe an oscillatory motion induced by alternating vertical turbulent mixing and segregation by gravitational settling. The oscillatory motion continues as long as the condition of intermediate fall velocity is met, such as for coarse silt in the lower body segment of the experimental turbidity current described here. The relative contribution of the three classes of particle behavior and the size of the particles in each class depend on bulk sediment properties, position within the flow and the state of flow evolution. Gradual waning in the body of the turbidity current is expressed by a temporal decrease in mean downstream velocity and its RMS value both between consecutive ejections and between the intervening periods of low turbulence (Figure 7) . Heightaveraged values of grain size measures follow this trend, while retaining periodic vertical size mixing and segregation at a scale of 3 -4 s. Thus the grain size boundaries between the classes of particle behavior are anticipated to change in time, so that progressively finer sediment drops out of suspension, and particles that are well mixed early in the flow history may become part of the oscillatory class at a later stage.
[38] Figure 15 summarizes the conceptual coupling model proposed in this paper. The model has been developed for a subcritical, low-density, fine-grained, depositional turbidity current moving over a smooth, horizontal surface at low velocity. The head of the flow is characterized by relatively coarse sediment, nearly complete mixing of most particle sizes and relatively low sediment concentrations (Figure 15 ), induced by strong turbulence generation at the flow front and associated mixing with ambient fluid. The turbulence intensity is high in the upper and lower flow segments and relative low in the velocity maximum segment, reflecting variations in shear stress along the flow front. Only the coarsest size fractions in the head are able to withstand becoming vertically well mixed.
[39] The body of the turbidity current is well stratified in terms of downstream velocity, turbulence, grain size and concentration. The lower flow segment of the body is characterized by recurring ejections separated by periods of lower turbulence intensity (Figure 15 ). This flow pattern is accompanied by periodic fluctuations in grain size at a scale of 3 -4 s. These are caused by successive events of vertical mixing and gravitational settling of coarse particles, while fine particles remain well mixed. The ejections are superimposed on a long-term trend of waning flow, hence the progressive loss of the coarsest size fractions by deposition. The ejections gradually disperse as they move away from the base of the flow. Although some reach the velocity maximum segment, low turbulence intensity is more typical of that part of the flow, which appears to constitute a barrier to turbulence-induced exchange of particles between the lower and upper flow segments. The upper flow segment of the body contains the finest particles, yet some head-derived coarser material falls into it passively from above ( Figure 15 ). Coherent flow structures in the upper flow segment, most probably related to shear at the upper boundary, occur at dominant periodicities of $4 s and they are weaker than in the lower flow segment. Nevertheless, they are able to keep the suspended sediment better mixed than near-bed ejections, because of the typically low particle fall velocities. In the long run, however, particle settling predominates, and median grain size and sediment concentration decrease gradually.
[40] The coupling model describes the dynamics of an experimental low-density turbidity current. Yet the fundamental coupling between flow and sediment parameters is likely to apply to natural-scale low-density turbidity currents. This is because shear-induced coherent flow structures should occur in natural flows, and the ratio between downward directed gravitational settling and upward directed components of turbulent velocity is scaleindependent. Most natural turbidity currents will move faster and be more turbulent than laboratory flows, and they will thus be able to carry coarser sediment. In any flow, however, the size distribution of the available suspended sediment will control the relative contributions of different particles to size mixing and segregation processes. Poorly sorted suspended sediment is expected to favor differential particle behavior, with small particles being well mixed, particles of intermediate size describing oscillatory motion in phase with recurrent coherent flows structures and coarse particles settling onto the bed. In contrast, flows carrying well-sorted sediment may show a clear dominance of one type of behavior, depending on the way the sediment reacts to the local turbulence structure. Differences in grain size skewness should also influence differential particle movement. For example, the volume of continuously well-mixed particles in the experimental flow was sufficiently large to mask the effect of particles in oscillatory motion on suspended sediment concentration. Yet flows that carry a larger volume of particles subject to oscillatory motion may well show periodic changes in concentration not observed in our experimental results.
Possible Implications for Turbidite Deposits
[41] Many fine-grained turbidite deposits contain horizontal lamination composed of successions of silt-and mudrich laminae with a thickness of up to several millimeters [Stow and Shanmugam, 1980] . In the classical Bouma-type turbidites, such silt-mud couplets are diagnostic of the D division [Bouma, 1962] . Stow and Bowen [1978] explained the origin of the silt-mud couplets by repeated cycles of shear sorting of silt grains and clay flocs in the bottom boundary layer. Hesse and Chough [1980] proposed that the couplets arise through repeated turbulent bursting of the viscous sublayer, during which silt particles are deposited, and ''relaminarization'' of the viscous sublayer, during which both silt and clay particles settle out of suspension. Baas and Best [2002] inferred that Kelvin-Helmholtz instabilities observed along a near-bed shear layer within clay-rich flows with transient turbulent behavior may be responsible for periodic deposition of silt and clay size material. In addition to the presence of fine laminae in Bouma D divisions, many turbidite deposits exhibit millimeter-scale plane-parallel lamination and banding associated with repetitive changes in sediment texture on the scale of centimeters. Conceptual models for the formation of the bands include the ''traction carpet'' model of Hiscott and Middleton [1980] and Lowe [1982] and the ''slurry flow'' model of Lowe and Guy [2000] . Another possibility is that the linked fluctuations in turbulence intensity and grain size measures, as observed near the base of the experimental turbidity current, are responsible for the formation of fine lamination and banding in turbidites. However, it is not established how the flow processes observed in laboratory currents might upscale to natural flow size and thus be expressed in natural deposits. Future work may provide the boundary conditions necessary for the formation of silt-mud couplets, and possibly other types of lamination and banding, over a greater range of flow conditions and sedimentation rates.
Conclusions
[42] Flow and sediment behavior in a low-density, depositional, laboratory turbidity current are coupled in a complex but predictable manner. Different size classes of suspended sediment react differently to changes in flow dynamics. Sediment distribution is thought largely to be controlled by the ratio of particle settling velocity to upward directed components of turbulent velocity. This ratio is less than unity for most particles in the head of the turbidity current, leading to a vertically well-mixed distribution for all but the coarsest particles of the suspension load. The body, on the other hand, is well stratified in both grain size and suspended sediment concentration. This implies that the ratio generally is greater than unity there. However, coherent flow structures such as near-bed ejections and flow structures associated with Kelvin-Helmholtz shear instabilities in the upper part of the flow modify the basic flow structure on a spatial scale of centimeters and a temporal scale of seconds. Ejections from the base of the flow promote vertical mixing of a wide range of particle sizes, whereas in the periods between ejections the coarse particles have sufficiently high settling velocities to accumulate in near-bed regions of lower turbulence. The resulting periodic change in the granulometry of near-bed suspended sediment may be responsible for the formation of banding and planar laminae in turbidite deposits.
